Investigation of the airborne submicrometer particles emitted by dredging vessels using a plume capture method by Juwono, Alamsyah et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Juwono, A., Johnson, G.R., Mazaheri, M., Morawska, L., Roux, F., &
Kitchen, B. (2013) Investigation of the airborne submicrometer particles
emitted by dredging vessels using a plume capture method. Atmospheric
Environment.
This file was downloaded from: http://eprints.qut.edu.au/58651/
c© Copyright 2013 Elsevier
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1016/j.atmosenv.2013.03.024
1 | P a g e  
 
Investigation of the airborne submicrometer particles emitted by dredging vessels 
using a plume capture method 
Juwono, Alamsyah M.1,3, Johnson, G. R.1, Mazaheri, M1, Morawska, L.1, Roux, F.1, and 
Kitchen, B.2 
1 ILAQH, Physics Discipline, Faculty of Science, Queensland University of 5 
Technology, Australia 
2 Environment Division of Port of Brisbane, Queensland, Australia 
3 Department of Physics, Faculty of Sciences, Brawijaya University, Malang, 
Indonesia 
  10 
Keywords: PCAS, emission factor, particle number concentration, NOx, SO2, PM2.5, relative 
size distribution, dilution ratio. 
 
Abstract 
This paper presents a method for investigating ship emissions, the plume capture and analysis 15 
system (PCAS), and its application in measuring airborne pollutant emission factors (EFs) and 
particle size distributions. The current investigation was conducted in situ, aboard two dredgers 
(Amity: a cutter suction dredger and Brisbane: a hopper suction dredger) but the PCAS is also 
capable of performing such measurements remotely at a distant point within the plume. EFs 
were measured relative to the fuel consumption using the fuel combustion derived plume CO2. 20 
All plume measurements were corrected by subtracting background concentrations sampled 
regularly from upwind of the stacks. Each measurement typically took 6 minutes to complete 
and during one day, 40 to 50 measurements were possible. 
 
The relationship between the EFs and plume sample dilution was examined to determine the 25 
plume dilution range over which the technique could deliver consistent results when measuring 
EFs for particle number (PN), NOx, SO2, and PM2.5 within a targeted dilution factor range of 50-
1000 suitable for remote sampling. The EFs for NOx, SO2, and PM2.5 were found to be 
independent of dilution, for dilution factors within that range. The EF measurement for PN was 
corrected for coagulation losses by applying a time dependant particle loss correction to the 30 
particle number concentration data.  
  
For the Amity, the EF ranges were PN: 2.2 - 9.6 ×	1015 (kg-fuel)-1; NOx: 35-72 g(NO2).(kg-fuel)-
1, SO2 0.6 - 1.1 g(SO2).(kg-fuel)-1and PM2.5: 0.7 – 6.1 g(PM2.5).(kg-fuel)-1. For the Brisbane they 
were PN: 1.0 – 1.5 x 1016 (kg-fuel)-1, NOx: 3.4 – 8.0 g(NO2).(kg-fuel)-1, SO2: 1.3 – 1.7 35 
g(SO2).(kg-fuel)-1 and PM2.5: 1.2 – 5.6 g(PM2.5).(kg-fuel)-1. The results are discussed in terms of 
the operating conditions of the vessels’ engines. 
 
Particle number emission factors as a function of size as well as the count median diameter 
(CMD), and geometric standard deviation of the size distributions are provided. The size 40 
distributions were found to be consistently uni-modal in the range below 500 nm, and this mode 
was within the accumulation mode range for both vessels. The representative CMDs for the 
various activities performed by the dredgers ranged from 94-131 nm in the case of the Amity, 
and 58-80 nm for the Brisbane. A strong inverse relationship between CMD and EF(PN) was 
observed. 45 
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1. Introduction  
Gaseous and airborne particle emissions from ships have drawn increasing attention in recent years 
due to their impacts on the environment and their potential long term harmful effects on human health 
(Chen et al., 2005; Cooper, 2001; Corbett and Farrell, 2002; Corbett and Fischbeck, 1997; Corbett and 
Koehler, 2003; Isakson et al., 2001; Williams et al., 2009). Emissions from shipping have historically 5 
been subject to less regulation than emissions from land-based transport (Cooper, 2001, 2005; 
Corbett, 2003; Corbett and Farrell, 2002; Eyring et al., 2005; Streets et al., 1997; USEPA-OTAC, 
2012), and as a consequence, considerably less data exists concerning them. Although this is largely 
due to the fact that ships operate for much of the time in areas remote from human habitation, 
significant time is also spent in and around ports located adjacent to population centres.  10 
Despite a relatively small global number of ships in comparison to the large numbers of land-based 
transport vehicles in use, pollution from ships is a significant issue. Large ships are usually powered 
by two or four stroke diesel engines which emit large quantities of airborne pollutants. The power 
required to propel these ships at sea necessitates the use of engines with very large displacements. A 
typical medium to large ocean going ore carrier or oil tanker having a deadweight of 200,000 tonne 15 
may have an engine displacement of 15 kL, and consume fuel at a rate of 0.175 to 0.225 kg.kW.h-1  
(Corbett and Fischbeck, 1997; Wärtsilä-Ltd, 2012). In contrast, a typical mid size motor car has an 
engine displacement of only 2 L. Furthermore, the volume of shipping trade is expanding at an 
increasing rate with the advancement of global free market trade (IMO, 2009). According to a study 
conducted by the US EPA on bunker fuel use (Corbett and Koehler, 2003), demand for diesel fuel for 20 
shipping has risen significantly in recent years, and has the potential to reach 500 million tonnes per-
year by 2020 from a current demand of 380 million tonnes. Finally, most large ships use residual fuels 
as a way of improving fuel economy. Such fuels typically have very high sulfur content. The sulfur 
content may be as much as 4.5% in some cases (Fridell et al., 2008). Typically the SO2 EFs for bulk 
freighters on a per kg of fuel basis, at 54 g(SO2).(kg-fuel)-1 (Cooper, 2001)), are around 130 times 25 
higher than those of an average motor car. This is based on per-km SO2 EFs for motor cars of between 
0.02 g(SO2).km-1 (Hung-Lung et al., 2007; Isakson et al., 2001) and 0.031 g(SO2).km-1 (Corbett and 
Farrell, 2002; Romilly, 1999).  
While various research groups have endeavoured to assess ship emissions and their impact on human 
health and the environment, the quantitative knowledge in this field remains fragmented. According to 30 
some authors, global sulfur emission from all transport modes amounts to approximately 13.0 Tg SO2 
per annum, of which 16% is caused by petroleum fuelled transport, and a further 5% by transport 
using other fuel types (Corbett and Fischbeck, 1997; Harris and Maricq, 2002). Other authors have 
found a significantly lower total emission, ranging from 7 to 8.5 Tg SO2 (Endresen et al., 2005). In a 
later study, Corbett and Koehler highlighted the existence of such discrepancies in reported values and 35 
hypothesised that they are due to disparities between fuel use statistics and actual fuel usage (Corbett 
and Koehler, 2003). In order to address these discrepancies, Endresen et al. suggested the 
establishment of a reliable baseline of ship emission levels, on both regional and global scales, using 
recognised modelling approaches and highly detailed input data (Endresen et al., 2005).  
To develop a better understanding of ship emissions, large scale quantification of ship emission 40 
factors is necessary. Emission factors are most commonly expressed in term of how much of a gas or 
particulate species (x) is emitted per unit mass of fuel consumed (g(x).(kg-fuel)-1). They may also be 
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expressed in terms of the quantity of gas or particles emitted per unit of energy produced by the 
engine (g(x).kWh-1). A method developed by Hobbs et al. for calculating the EFs of NOx and SO2 
from an engine is particularly useful when the fuel consumption rate is unknown (Hobbs et al., 2000). 
According to that method, the EFs of these two species are determined by comparing their 
concentration in the plume with the CO2 concentration in fuel combustion exhaust. 5 
Marine diesel engines can be broadly classified according to engine operating speed, as slow speed 
diesel (SSD: engines with speeds between 60 - 300 rpm), medium speed diesel (MSD: 300 - 1000 
rpm), and high speed diesel (HSD: 1000 - 3000 rpm) (Cooper and Gustafsson, 2004). The main 
engines used in most ships fall within the SSD or MSD range, and auxiliary engines tend to fall into 
the MSD or HSD ranges. 10 
A number of other studies have highlighted the relationship between vessel speed, engine size and the 
emission factors of gasses and/or particulate matter. A study by Fridell et al. reported NOx EFs 
ranging from 10 to 20 g(NOx).kWh-1 in ship emission plumes (Fridell et al., 2008). The authors found 
that this was dependent on both a ships speed and the age of its engine. Lower EFs were associated 
with a faster speed and a newer engine. Sinha et al. found that larger engines have a higher NOx EF 15 
per unit fuel consumed than smaller ones (Sinha et al., 2003). Carlton et al. on the other hand, 
concluded that the NOx emission does not follow any particular pattern, except that it is dependent on 
the operational mode of the engine, i.e.; on its load and speed (Carlton et al., 1995). Chen et al. 
investigated the EFs of various chemical species in ship exhaust plumes, using the aforementioned 
method of Hobbs et al. (Chen et al., 2005). Overall, the EFs for NOx and SO2 were 20±8 g(NOx).(kg-20 
fuel)-1 and 30±4 g(SO2).(kg-fuel)-1, respectively. It has also been shown that slower vessels emit more 
polycyclic aromatic hydrocarbon (PAH) than their faster counterparts (Cooper, 2001; Sarvi et al., 
2008a).  
Most studies agree that the SO2 emissions from ships are only dependent on the sulfur content of the 
fuel being used by the vessel (Cooper, 2001, 2003; Corbett, 2003; Corbett et al., 1999; Fridell et al., 25 
2008; Sarvi et al., 2008a, b; Sinha et al., 2003). The SO2 EF can be estimated directly from the fuel 
sulfur content (FSC) as EF(SO2)=20.FSC, where FSC is expressed in percent sulfur by weight, and 
EF(SO2) is expressed as g(SO2).(kg-fuel)-1 (Carlton et al., 1995). This formula was assumed to be 
valid for engines operating at low (< 500 RPM) to medium (500 to 1000 RPM) speeds. 
All of the aforementioned studies of ship emissions focused on gaseous and particle mass emissions; 30 
however ultrafine particle (UFP) emissions (particles with diameter less than 100 nm) and their size 
distributions, which are usually measured in terms of particle number rather than mass, have received 
very little attention. This is a significant gap in knowledge because the health and environmental 
effects of particles, as well as their dispersion and fate are all dependant on particle size.  
In regards to health effects, aerosol particles, especially UFPs, have been the subject of numerous 35 
studies due to the tendency of smaller particles to deposit deep in the lung, leading to adverse 
inflammatory responses (Gilmour et al., 2004; Kennedy, 2007; Warheit et al., 2008). Franck et al. and 
Chio et al. have highlighted the particle size dependant effects of UFPs on children’s respiratory 
systems, following indoor aerosol exposure (Chio and Liao, 2008; Franck et al., 2011). Numerous 
studies have also related UFPs generated by combustion engines to human health effects (Englert, 40 
2004; Martuzevicius et al., 2008; Morawska et al., 2008; Polichetti et al., 2009). 
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In regards to environmental effects, UFPs particles play an important role in climate by contributing 
cloud condensation nuclei (CCN) for cloud droplet formation. CCN are a necessary precursor for 
cloud droplets to form, so the introduction of large numbers of hygroscopic CCN into the pristine 
remote marine environment where such nuclei are relatively rare, can have dramatic effects on the 
cloud formation processes in that environment (Andreae and Rosenfeld, 2008; Durkee et al., 2000; 5 
Kulmala and Kerminen, 2008; Targino et al., 2007). Given the vast expanse of the remote marine 
environment, airborne particles from ship emissions influence the planetary albedo not only through 
the direct effect of light scatter and absorption by the particles themselves, but also by the indirect 
effects, of modifying low altitude maritime stratus clouds to produce an increase in reflectivity, and by 
prolonging cloud lifetimes (Ferek et al., 1998; Peng et al., 2002). Both of the so-called indirect effects 10 
result in a negative radiative forcing (Kokhanovsky et al., 2006; Schreier et al., 2006). A 
comprehensive review (Lohmann and Feichter, 2005) includes discussion of a number of effects that 
UFPs can have on the atmosphere via the direct and indirect effects (Twomey, 1974). The effects of 
ship emission on climate forcing above oceans were also studied by Capaldo et al. and Lauer et al., 
whose results indicated that ship emissions had contributed significantly to anthropogenic 15 
perturbation of the Earth’s radiation budget (Capaldo et al., 1999; Lauer et al., 2007). Ultrafine 
particles from shipping are therefore of considerable interest in climate modelling and the global 
quantification of these emissions in terms of total particle number and as a function of particle size, is 
an important goal in improving our understanding of the anthropogenic influences on climate. 
The above discussion on the climate and health impacts of particles formed in the engine and in the 20 
plume, point to a scientific need to measure them in situ under real world operating conditions, after 
the exhaust has exited the stack, and equilibrium is established in the gas versus particle mass balance. 
From a practical perspective, there is also a need to develop a technique suitable for remote 
opportunistic sampling so that large numbers of ships can be rapidly assessed. The aim of the study 
was therefore twofold: Firstly to use the PCAS method to measure the particle number emission 25 
factors and their size distributions, and secondly to demonstrate the PCAS method at similar plume 
dilution levels to those expected for sampling from remote platform such as a low altitude aircraft. 
Such remote sampling would in future, permit large numbers of ships to be examined on busy and 
accessible coastal shipping routes. In addition to particle number emissions, other species including 
NOx, SO2 and particulate mass were targeted in the study in order to provide a full assessment of the 30 
emissions and to facilitate comparisons of the results obtained by this method with comparable results 
in the literature across a wider range of pollutants.  
2. Experimental Methods 
2.1 The operations of the dredgers  
The Port of Brisbane is a mid-sized international port located in the eastern part of the city, in the 35 
mouth of the Brisbane River.  This port is visited by 7-10 ships each day, equating to over 2500 ships 
annually, and is one of Australia’s fastest growing container ports (Maritime Safety Queensland, 
2012). In addition to its function as a transport hub, the port conducts dredging operations to maintain 
channel profiles and to reclaim land around the port. The vessels involved in these dredging 
operations were the focus of the current measurements. 40 
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The project was conducted in two measurement campaigns. The first, conducted in January 2009, 
focussed on the emissions of the cutter suction dredger Amity. The second, conducted in late June and 
early July 2009, focussed on the hopper suction dredger Brisbane. These two dredgers were targeted 
firstly because they constitute major sources of airborne emissions associated with the Port’s 
activities, and secondly because of their availability. 5 
The two dredgers differ significantly in their method of operation. The Amity is used for maintaining 
channel depth and developing a nearby reclamation area in the Port of Brisbane’s Fisherman Islands 
Facility (PB-FI). The Amity is not self propelled in the conventional sense, but instead operates within 
a relatively small area, effectively stepping from one fixed anchor point to the next. It uses a hydraulic 
mechanical system to pivot in an arc about each of these anchor points located at the stern of the 10 
vessel, while driving a mechanical excavation cutter located at the bow. The cutter excavates 
successive arcs from the river bed while pumping the resulting debris into the vessel. This debris is 
subsequently pumped out of the vessel through a floating discharge pipe which carries it directly into 
the reclamation area. The Brisbane on the other hand is an ocean going, self propelled hopper suction 
dredger operating at a range of locations. The Brisbane extracts loose material from the river bed by 15 
means of a mechanically manoeuvrable suction head, pumping the resulting debris into an on board 
hopper. When the hopper is full, or the excavation work is completed, the vessel steams to a release 
point where the hopper discharge pump is connected to a floating pipe through which the hopper 
contents are pumped to the reclamation area.  
       20 
Figure 1, Dredger operational areas along the Brisbane River. The white line is the path taken during the 
campaign by the Brisbane, between the exaction point at Hamilton and the discharge point at the Fishermans 
Island reclamation area. 
 
The excavation area for the Brisbane at the time of this campaign was 10 km upstream from the 25 
discharge area. The Brisbane moved back and forth between its docking terminal near the reclamation 
area and the dredging area, taking about 3-4 hours to complete one dredging cycle. The dredging 
Hamilton
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cycle consists of leaving the docking terminal, moving up the river, dredging, moving back to the 
docking terminal, and pumping the material out into the reclamation site (see Figure 1). 
2.2 Engine Technical Data 
Table 1 shows the parameters of the Amity and the Brisbane’s engines, which include technical, 
operational data and the operating RPM during the emission measurement. According to the 5 
definitions discussed earlier, the engines of the Amity and Brisbane, all fall within the HSD or upper 
MSD category.  
Table 1 Amity and Brisbane Engine Data 
Engine 
Cyl 
Num/Disp  Age 
Average a) 
speed   Use 
Make/Model  (#/L)  (Years) (rpm)    
Amity 
Caterpillar/3516  16/69  20 1530 Pumping in (AE1) 
Caterpillar/3508  8/34.5  20 1750 Cutter/hydraulics (AE2) 
Cummings/KTA‐50   16/50.3  20 1600 Pumping out (AD) 
Brisbane 
Caterpillar/3606‐8RB751  6/ 110.8   9 1000 Steaming/pumping 
Caterpillar/ 3606‐8RB752  6/110.8   9 1000 Steaming/pumping 
Caterpillar/ 3512‐
24Z09163  12/ 51.8  9 1500 Electrical power 
a) Average RPM is averaged value from several RPM readings during the operation 
 
2.3 Instrumentation 10 
The following instrumentation was used: A Scanning Mobility Particle Sizer (SMPS) to measure the 
particle number size distribution, a condensation particle counter (CPC, TSI 3781, and 3022A) to 
determine the particle number concentration, a NOx analyser (Ecotech 9841A), CO2 analyser (Sable 
instruments), an SO2 analyser (Ecotech 9850) and an aerosol photometer (TSI 8520) to measure mass 
concentration. The SMPS used a TSI 3071A electrostatic classifier (EC), with a Kr85 neutralizer (TSI 15 
3077) and TSI 3782 water based condensation particle counter (CPC). The SMPS operated within an 
electrical mobility diameter range of 9.31 to 437.1 nm. The sheath flow of the SMPS was 6 L.min-1 
and the aerosol flow was 0.6 L.min-1. The particle density upper limit was set to be 1.2 g cm-3, and the 
equipment was also set to use multiple charge correction. The additional CPC used to measure total 
particle number concentration was a TSI 3022A butanol CPC using a 5 second averaging period.  20 
2.4 The Plume Capture and Analyse System (PCAS) 
As explained earlier, this work was motivated by the need for cost effective and practical 
experimental methods for obtaining emission factor and size distribution information for large 
numbers of ships. The PCAS (Johnson et al., 2008) approach to emission factor measurement was 
chosen for this task for scientific and practical reasons. Ultrafine particle formation and growth is a 25 
highly dynamic process, sensitive to the dilution conditions and the associated cooling that occurs 
immediately after emission. Particle growth and new particle formation through the development of a 
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nucleation mode in the particle size distribution can occur after the exhaust has exited the stack. This 
can dramatically alter the number size distribution in the plume, as well as the effective particle 
number EF.  
The PCAS is a system for collecting and analysing exhaust plume samples when the plume is only 
available for a short time, as occurs for example when a mobile point source passes upwind of the 5 
sampling point. This system was first used to investigate ultrafine particle emission by aeroplanes in 
Brisbane Airport (Johnson et al., 2008; Mazaheri et al., 2009). The PCAS uses a plume capture device 
(PCD) to rapidly collect and store a large plume sample volume. The approach permits the conduct of 
long duration analysis, as is required when using devices such as the scanning mobility particle sizer 
(SMPS) and the volatilization humidification tandem differential mobility analyser (VH-TDMA) 10 
(Johnson et al., 2004). In this way, high resolution size distribution and composition investigations 
can be performed even after very brief exposure to the plume. The PCAS also allows the capture and 
analysis of the plume after emission from the stack has occurred, thereby fulfilling both the scientific 
and practical requirements outlined above. Furthermore, the PCAS technique can be applied either on-
board ship, or remotely, so that measurements can be performed for a large numbers of ships at sea.  15 
The PCAS included the plume sample capture device (PCD), and an array of sample analysis 
instrumentation, consisting of the instruments discussed in the previous section. The PCD is a 200 
Litre grab sampler designed to quickly collect a large volume of air and store it for subsequent 
analysis. The PCD uses a reversible vacuum pump to fill and empty an electrically conductive 
polymer bag, by increasing or decreasing the pressure inside an airtight enclosure. The bag which is 20 
contained within the enclosure, is attached to a probe tube exposed to the exhaust plume, and is filled 
by evacuating the chamber. Once filled, the sample is isolated by a valve. The instrument array is 
connected to the bag via a common manifold so that the contents can be drawn for analysis.  
This method allows a portion of the plume to be collected without passing through a pump, which 
would potentially modify the particle size distribution and concentration. The volume is large enough 25 
to accommodate the needs of a wide range of equipment, including gas analysers, the SMPS and the 
CPC, which require only a few litres, as well as more demanding methods such as the VH-TDMA, 
which may need as much as 50 litres to complete a measurement. 
The PCAS has previously been used for the measurement and remote characterisation of airborne 
particles emitted by aircraft. In its previous application, the PCAS was employed to capture plumes at 30 
distances of up to 100 m from aeroplanes during ground level operations, in order to determine EFs 
for gases and particles, and to measure particle number size distributions (Johnson et al., 2008; 
Mazaheri et al., 2009). This study is the first application of the PCAS to the performance of ship 
emission measurements, and modification was required to adapt the system for onboard 
measurements. In particular, the probe was extended to allow it to reach the plume from the upper 35 
deck of the ship by using flexible heat resistant tubing attached to a light-weight pole, so that the inlet 
could be manoeuvred into the plume for exhaust sampling, or quickly moved to an upwind location 
for background sampling.  
2.5 Study design 
In the field, the PCAS was positioned on board the vessel being tested. In the case of the Amity, the 40 
smaller of the two vessels, the PCAS was placed on the main deck, where it could be readily moved 
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between the Amity’s three exhaust stacks. Two of the stacks were located centrally in close proximity 
to each other while the third was some 15 meters further toward the rear. The Brisbane, on the other 
hand was a much larger vessel, with four deck levels and a single exhaust release point, serving all of 
its engines. On the Brisbane, the PCAS was located on the deck, closest to the exhaust stack. 
On each vessel, plume sample capture was conducted by commencing the 15 second sample capture 5 
in ambient air below the plume for 5 seconds, then raising the probe into the plume briefly before 
lowering it again out of the plume for the remainder of the filling process. Typically the probe was in 
the plume for only 3-4 seconds. The time in the plume was increased or decreased as necessary to 
ensure that the sample was well diluted with ambient air, in order to ensure that the particle number 
concentration did not exceed 107 cm-3. This was done to prevent excessively rapid coagulation of the 10 
captured sample. Ambient upwind air measurements were also conducted regularly to determine the 
background concentration at the time of measurement. The collection of one plume sample and one 
background sample took about 6 minutes to complete. 
The orientation of the vessel relative to the wind direction was monitored closely, as were the 
locations of on board sources and smaller vessels which occasionally came alongside. The orientation 15 
of the ship varied continually but slowly, so in order to minimise interference from other sources, 
plume and background sampling was confined to times when the wind was clearly arriving from the 
port or starboard side, rather than blowing along the vessel where the potential existed for interference 
from other onboard sources. 
The Amity was effectively anchored during its operation, and during the measurements its engines 20 
operated constantly, apart from brief intervals during which the hydraulically operated controller was 
used to advance the dredger further into the area being excavated. In contrast, the Brisbane moved up 
and down the river (steaming activity), dredging (excavating activity), and delivering dredged 
materials to the reclaimed areas (pumping-out activity). For the Amity, the various activities 
associating with dredging occur simultaneously, but the exhaust systems for each system are 25 
physically separate, so the activities were assessed separately in space using emissions from the 
corresponding stack. For the Brisbane, exhaust associated with each activity is released from a 
common stack, but the activities occur sequentially and were therefore assessed separately in time. On 
both vessels the measurements were labelled according to the activities that produced the emission as 
shown in Table 2. 30 
Table 2: Activity labels for the Amity and Brisbane. 
Vessel  Activity label  Activity  Active system 
Amity  AE1  Excavating  intake‐pump 
AE2  Excavating  cutter&hydraulics 
AD  Discharging  discharge‐pump 
Brisbane  BE  Excavating  intake‐pump&cutter 
BS  Steaming  propulsion‐system 
BD  Discharging  discharge‐pump.  
 
All plume measurements, including CO2, PN, PM2.5, SO2, and NOx, were corrected by subtracting 
background concentrations measured at regular intervals upwind of the stacks.  
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2.6 Analysis 
2.6.1 Emission factor calculation  
The EF calculations were performed using the emission ratio, which is defined as the ratio of the 
concentration enhancement of a component within the plume to the concentration enhancement of 
CO2, in conjunction with an assumed CO2 EF which was based on the fuel combustion stoichiometry 5 
for complete combustion. The EF formula differs for particle and gaseous emissions, as follows 
(Hobbs et al., 2000).  
For gases, the emission factor is given by equation  
ܧܨሺݔሻ ൌ ܧܨሺܥܱଶሻ ܯ ௫ܹ		∆ܥ௫ܯ ஼ܹைమ	∆ܥ஼ைమ
 
For particle number or particle mass, the emission factor is given by equation 
ܧܨሺݔሻ ൌ ܧܨሺCOଶሻ	 1ߩ௔௜௥ 	
ܯ ௔ܹ௜௥		∆ߛ௫
ܯ ஼ܹைమ	∆ܥ஼ைమ
 
ܧܨሺݔሻ is the emission factor for the species x, and ܯ ௫ܹ is its molecular mass. ∆Cx (mole fraction of 10 
species x in the air) and Δγx (number or mass or particles per unit volume of air) are the difference 
between concentration of the species x and its background (ambient) concentration. The parameter ρair 
is the density of ambient air. ܧܨሺܲܰሻ	quantifies how many particles are emitted per unit mass of fuel 
consumed. It is expressed in units of (kg-fuel)-1. The remaining EFs for gases and particle mass are 
expressed in units of g(x).(kg-fuel)-1.  15 
All such EFs expressed per unit consumed fuel mass, assume the 100% conversion of the fuel carbon 
content to CO2. The value of EF(CO2) represents the number of grams of CO2 produced per kg of fuel 
burned, and is assumed to be a constant for a given fuel type. The value of EF(CO2) depends on the 
type of fuel being burned, but in the case of diesel fuel it is 3100 ± 15 g(CO2).kg-1 (Chen et al., 2005; 
Hobbs et al., 2000; Johnson et al., 2008).  20 
The size distribution of the particle number emission factor describes the relationship between particle 
number EF and particle diameter. In this work, average particle number EF size distributions for each 
activity on the Amity and Brisbane were used for comparisons between activities.   
2.6.2 Procedure for determination of emission factors 
Figure 2 illustrates the procedure used to determine the plume and background concentrations for a 25 
typical plume sample. In this case it is the plume emitted during activity BE (the Brisbane’s 
excavation activity).  
Panel BE shows the background PN concentration time series recorded prior to the plume sample. 
Background concentrations were typically of the order of 103 or 104 cm-3, which is several orders of 
magnitude lower than the plume sample concentrations. At these background concentrations, particle 30 
coagulation is very low. In fact particle loss in the background samples was not evident at all in the 
concentration time series, therefore the concentration time series average was used to represent these 
background samples.  
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In the case of the plume sample where the concentration was much higher, coagulation losses were 
significant. In order to correct for particle losses during sample storage, a back extrapolation 
procedure (see panel BS) was applied to determine the concentration in the plume sample at the time 
of capture (tc). This was done by fitting an exponential decay curve to the CPC sample (averaging 
interval centred) concentration time series. More specifically, linear regression was used to fit a 5 
straight line to the time series of the natural log of the concentration. The fitted curve was then 
extrapolated back to the time at which the sample was captured. The 95% confidence interval for the 
fitted curve is also shown in the figure.  
The other panels show the procedure used to determine the concentrations for the other species in the 
plume samples. The delay between time of capture and instrument response has two components. 10 
Firstly there is a delay between tc (denoted “X” in panel 2) and the time at which analysis commences 
(ta). Secondly there is a delay due to the finite instrument response time. The capture to analysis time 
delay is variable, because it depends on the time taken to move the sample reservoir from the capture 
location to the analysis instrumentation and begin analysis (36 s in the example shown). The 
instrument response times are fixed and depend on the instrument specifications and averaging time 15 
settings. Concentration readings were always taken after the signal had stabilised. The slowest 
instrument response was that of the SO2 analyser, which took over 2 minutes to achieve a stable 
reading.  
The background concentrations were subsequently subtracted from the plume sample concentrations 
to obtain the contribution of the engine to the sample concentrations. The resulting EFs for the 20 
example presented in Figure 2, calculated according to the formulae provided earlier, are shown in 
supplemental file Table S 1. 
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Figure 2: Illustration of the procedure  used to determine the concentrations in the plume and background 
samples (Activity BE). The two dashed vertical lines labelled tc and ta indicate the times at which the sample 
was captured and at which analysis was commenced respectively. 
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2.6.3 Influence of sample dilution on measurement results 
The concentrations of the samples captured by the PCAS vary depending on the dilution of the plume 
at the point of capture and the amount of additional ambient air mixed with the plume sample during 5 
the capture process. The dilution in the plume at the point of capture also depends on the engine 
operating conditions, the exhaust flow rate, the wind velocity, the rate of plume dispersion, and the 
distance of the sample capture point from the stack. The extent of dilution of the plume sample may 
affect the measured EF if the instruments used to perform the measurements do not respond linearly 
to concentration or if the concentration of the pollutant changes during storage. Furthermore, such 10 
changes may occur at different rates, depending on the sample concentration, for example PN 
concentration can decrease rapidly through coagulation at high concentrations, and considering all of 
the above, possible dependence of the measured EF on the dilution of the sample was examined.  
Target dilution range for remote sampling:  
The relevant target range of dilution to consider for dilution dependence testing was determined by 15 
calculating the expected range of dilution obtainable for remote plume sampling using a light aircraft 
or stationary elevated platform. A target dilution range of 50-1000 is achievable in such scenarios 
based on the following reasoning: 
Plume dispersion modelling developed by von Glasow, in combination with plume expansion 
coefficients for ships at sea determined by Petzold, show that ships cruising at typical speeds in the 20 
range 33-40 km/h (18-22 knots), will leave plumes with dilution factors in the range 50-1100 at 
distances within 150-1000 m of the stack (Petzold et al., 2008; von Glasow et al., 2003). A light 
aircraft may be used to sample such a plume while flying at 200 km/h (108 knots) along the plume 
trail. Such an aircraft may collect plume samples within this dilution range for up to 4.5 s, yielding an 
average dilution factor of 500.  25 
Plume capture sampling has also been successfully performed at distances from 50 m to more than 
100 m downwind of the source (Johnson et al., 2008). Therefore, as an alternative to the 
aforementioned airborne approach, sampling could be conducted at distances of 57-140 m downwind 
of large ships during light winds of 5-15 km/h, provided that a suitable elevated platform is available. 
Recalculation of the plume dilution range to match these sampling conditions yields a similar dilution 30 
factor range to that estimated for the aircraft based sampling method. A target dilution range of 50-
1000 allows for both approaches. 
EF versus dilution Relationship Testing: 
In order to test for a relationship between EF and dilution within a target dilution factor range of 50-
1000, linear regression was performed on each EF versus the dilution factor. The correlation was 35 
assessed at the 95% significance level. Total independence of the EF from dilution ratio is not 
possible. The more realistic situation is to have a weak, or statistically insignificant, correlation. In 
anticipating the particle number concentration losses due to coagulation and deposition, which might 
occur between the time of capture (tc) and the time when analysis started (ta), it was necessary to 
conduct a particle loss correction. The loss correction was performed using exponential decay curves 40 
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fitted to the concentration versus time data plots, by extrapolating back in time to obtain the 
concentration values at tc. Before performing this procedure the time values for the PN data were 
adjusted to represent the averaging interval centred time (rather than end of averaging interval time) 
by subtracting 10 seconds from the logged time values. This correction is necessary in order to avoid 
overestimating the concentration at tc. Such adjustments were not required for the other time series 5 
data as backward extrapolation was not needed for those measurements. 
The following is assumed when estimating dilution factors: diesel engines operate with an excess of 
air, with the CO2 concentration in the diesel exhaust ranging from 2 to 3 %, at low power operation, 
and 10% at high power operation (Corbett et al., 2007). Engine loads varied with the activity on the 
Brisbane (75% variation in the load from the average value). In the case of the Amity engine load data 10 
was not available, however variations in load were evident through engine speed data. Activity AE1 
showed a 2% variation in engine speed with respect to the average speed, while activity AE2 and AD 
showed only 0.5% and 0.6% variation. Based on their small apparent variation in engine speed, 
activities AE2 and AD appeared to be the most suitable for assessing the impact of dilution on the 
measured EF values. For the purposes of the analysis the CO2 concentration in the exhaust of the 15 
dredgers was assumed to be a constant 6.5 %, which based on the above, is the midpoint within the 
low to high power range. 
3. Results and Discussion 
3.1.1 Influence of sample dilution on measurement results 
As was discussed previously, the constant engine speed observed during activities AE2 and AD 20 
throughout the emission factor testing, implies that these activities involved the most consistent 
engine load, and therefore best meet the constant exhaust CO2 concentration criterion needed to test 
for the effect of varying the sample dilution on the EF measurement process. The results of the 
correlation analysis and significance testing for potential correlations between each type of EF and the 
plume dilution factor are presented in Table S 2 of the supplemental file. This table shows that for the 25 
constant RPM activities AE2 and AD, for dilution factors within the target range of 50-1000, none of 
the potential relationships between EF and dilution factor were statistically significant within a 
confidence interval of 95%. The lack of a statistically significant correlation implies that the observed 
variance of the EF measurement cannot be attributed to the dilution factor variance. Hence correction 
of the EFs in order to account for the influence of dilution during remote measurements is not 30 
warranted. It was therefore concluded that the EF can be considered independent of dilution in the 
target dilution range (50-1000) for the proposed remote sampling schemes discussed earlier. 
3.2 Emission factors 
The EF determined for PN, NOx, SO2 and PM2.5 for the Amity and Brisbane are presented graphically 
in Figure 3 below and also numerically in Table S 3 of the supplemental file. Graphical representation 35 
of the corresponding Count Median Diameter (CMD) is provided at the top of Figure 3. The activity 
labels used in Figure 3 and elsewhere in this paper were previously defined in  
Table 2. Results previously presented by other researchers are included in Figure 3 for comparison. 
The labels used to denote these researchers’ results in Figure 3 and elsewhere are defined in Table 3. 
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Figure 3: CMD and emission factors for PN, NOx, SO2, and PM2.5 associated with activities of the Amity and 
Brisbane. The activity labels on the horizontal axis were defined in  
Table 2. Shown in a lighter shade are values from other studies denoted using the labels defined in Table 3. 
Error bars represent 95% confidence intervals in the case of the Amity and Brisbane. In the case of Sinha et al. 5 
and also for Chen et al they are standard deviations while in other cases they are the range of the reported 
values. *Total PM. 
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Table 3: Labels used to denote other published marine engine emission factors. 
Label  Author  Sulfur level 
S‐L  Sinha et al. (2003)  Low 
S‐H  Sinha et al. (2003)  High 
Ho‐L  Hobbs et al. (2000)  Low 
Ho‐H  Hobbs et al. (2000)  High 
Ho‐B  Hobbs et al. (2000)  Both 
Ch‐L  Chen et al.  (2005)  Low 
C  Cooper (2001) 
F  Fridell et al. (2008) 
  Pe  Petzold el al. 2008   
 
3.2.1 Emission factor size distributions for specific dredging activities 
Figure 4 presents the average particle number EF size distributions (EF-SD) for each activity 
associated with dredging by the Amity and Brisbane. The corresponding cumulative EF-SDs are also 5 
shown to allow EFs within any particle size range to be readily calculated. For the purpose of visually 
comparing the modalities of the activities, the average particle number EF SD for the Amity and the 
Brisbane are also presented in a single graph in Figure 5. 
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Figure 4: Size distribution of the particle number emission factor for each activity on the Amity and the Brisbane. (SMPS range: 9.3 – 437 nm). 
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Figure 5: Size distribution of the particle number emission factor for each activity on the Amity and 
Brisbane. (SMPS range: 9.3 – 437 nm). 
The curves in Figure 5 representing the size distribution of EF(PN,D) for the activities of the Amity 
and Brisbane, show that all CMDs associated with the Amity’s engine emissions for the various 5 
activities were larger (94 – 131 nm) than those for the Brisbane (58 - 80 nm). Table 4 presents values 
of lognormal distribution parameters, including the geometric standard deviation (GSD).  
Table 4: CMD (in nm) and GSD for the lognormal fits to the average size distributions of the EF(PN,D) for 
each activity on the Amity and Brisbane  
Lognormal Distribution Parameters 
Vessel  Amity  Brisbane 
Activity  AE1  AE2  AD  BE  BS  BD 
Total EF(PN) (kg‐fuel)‐1  9.8E+15  9.7E+15 2.2E+15 9.9E+15  1.4E+16  1.5E+16 
CMD (nm)  131.3  119.7 93.8 79.5 66.1  58.3 
GSD  1.8  1.7 1.7 1.5 1.7  1.4 
 10 
3.3 Interpretation of results 
NOx emisison: 
As can be seen in Figure 3, that the engines on the Amity had moderately lower particle number EFs 
than those observed for the Brisbane but considerably higher NOx emission factors. As discussed 
earlier, the engines of the Amity and Brisbane, all fall within the HSD or upper MSD category. In 15 
many cases, lower speed engines are accompanied by higher particle number EF than their higher 
speed counterparts (Fridell et al., 2008; Lack et al., 2009; Williams et al., 2009). The results for the 
Amity and Brisbane support this finding. The engines on the Amity operated at around 40% higher 
speed (RPM) than those of the Brisbane Table 1 and they exhibited on average a 44% lower EF(PN). 
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As can also be seen in Figure 3, the NOx EFs measured for the Amity and Brisbane fall within the 
ranges previously reported in the literature. However those for the Brisbane are almost an order of 
magnitude lower than those of the Amity.  
NOx formation begins with the formation of NO in the combustion cylinder, primarily in the high 
temperature post flame gases before decompression (Heywood, 1988). EF(NOx) is therefore 5 
dependent on the combustion chamber temperature, as this influences the rate of oxidation of 
molecular and/or organic nitrogen contained in the fuel. In general, the higher the combustion 
chamber temperature, the higher the oxidation rate and the more nitrogen oxides produced. Slower 
speed engines generally permit NOx formation to progress further, due to the correspondingly longer 
residence time at high temperature of the gases in the cylinder. Hence SSD, MSD and HSD engines 10 
tend to exhibit progressively lower NOx emission factors. The medium to high speed engines tested in 
the current study can be expected to exhibit lower NOx emissions than the SSD and MSD powered 
ships tested by the other researchers. This expectation is borne out by the results for the Brisbane, but 
not those of the Amity, which are higher than might be expected on this basis alone. The reason for the 
higher NOx emission on the Amity is not known, but it may be related to the greater age of its engines 15 
(20 years) and the fact that they are of an earlier design than those of the Brisbane (aged 8 years). 
Anti-correlations between NOx and particle formation are a well established phenomenon and were 
expected to be observed in these measurements. Attempts to reduce NOx emission usually involve a 
lowering of the combustion chamber temperature and this inevitably leads to an increase in particulate 
emissions (Heywood, 1988). This effect is typically observed within a single engine when the 20 
operating parameters such as exhaust gas recirculation fraction or the air fuel ratio is manipulated to 
reduce NOx emission. The Amity exhibits an anti-correlation between particulate and NOx formation. 
The CMD in panel a, the EF(PN,D) in panel b and the EF(PM2.5) in panel c, all follow broadly 
opposite trends to that of the EF(NOx) in panel e, when compared across activities AE1, AE2 and AD 
for the Amity. A similar effect may occur across activities BE and BS of the Brisbane, however in that 25 
case the effect cannot be said to be statistically significant. The reason for the observed anti-
correlation across activities and their associated engines cannot be as clear cut because it is 
complicated by a variety of factors including differences in engine speed, load (and hence air fuel 
ratio), injection timing, nevertheless it is visible to an extent. 
SO2 emission: 30 
The emission of SO2 arises from combustion of fuel and lubricating oil, both of which typically 
contain sulphur compounds. The EFs for SO2 is therefore a function of the fuel sulphur content, the 
lubricating oil sulphur content and of the lubricating oil consumption rate via combustion in the 
cylinder. On each vessel the fuel was derived from a common reservoir for each engine and hence for 
each activity so the high degree of variability in the SO2 emission factors (summarised in Table 5) 35 
implies a similarly high degree of variability in the rate of lubricating consumption or lubricating oil 
sulphur content. This is especially true for the Amity where the engine driving activity AD produced 
about twice as much SO2 as activity AE1 and activity AE2. According to one source (Federation-of-
American-Scientists, 2012), marine diesel engines can have lube oil consumption rates which may 
approach 5% of the fuel consumption rate, so a high sulfur lubricating oil can have considerable 40 
impact on the SO2 emission factor, especially when low sulfur fuels are used. It has been shown 
(Heywood, 1988; Lack et al., 2009) that diesel engines, by design, consume lubrication oil in the 
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cylinder to neutralise the corrosive products formed from the sulfur in the fuel. This further increases 
SO2 emission, so the actual fuel sulfur level may be considerably lower than the results in Table 5 
would suggest. 
Table 5: Sulfur emitted as SO2 per unit mass of fuel compared with fuel sulfur specification.  
Activity Label  EF(SO2) 
(researcher)  (g(SO2).(kg‐fuel)‐1) 
Amity   AE1  0.58
AE2  0.63
AD  1.14
Brisbane  BE  1.77
BS  1.49
BD  1.30
Others  (S‐H)  52.20
(S‐L)  2.90
(Ho‐B) 
(Ho‐L)  6.00
(Ho‐H)  89.00
(Ch‐L)  30.00
(C)  0.42
(F) 
 
 5 
Particle emission: 
As shown in Figure 6 for the Amity, and Figure 7 for the Brisbane, inverse relationships were 
observed between the accumulation mode CMD, and the particle number emission factor EF(PN). 
The changes in CMD reflected in Figure 6 and Figure 7 are due to variations in the progress of soot 
mode particle growth, and also to coagulation in the combustion cylinder and exhaust system. There 10 
are two factors which can lead to variations in soot mode growth and coagulation:  
Firstly, more heavily loaded diesel engines operate at a higher fuel to air ratio, resulting in an increase 
in particle number concentrations (PNC) in the cylinder and exhaust. This does not necessarily result 
in a proportionate increase in EF(PN) because there is in this case an accompanying increase in CO2 
concentration, although an increase in EF(PN) might occur due to the slight reduction in combustion 15 
efficiency. In any case the increased PN concentration will be accompanied by accelerated 
coagulation rates in the cylinder and exhaust, so a shift in CMD to larger values should occur with 
increased load.  
Secondly, slower rotational speeds result in reduced exhaust flow rates with consequent increased 
residence times in the cylinder, thereby prolonging soot mode growth and coagulation. This latter 20 
effect in isolation would tend to produce a decrease in EF(PN) accompanied by growth in CMD 
whereas fuel air ratio increase would produce an increase in both variables. The observed inverse 
relationship between CMD and EF(PN) is more consistent with the latter effect of reduced engine 
speeds perhaps accompanying increased load.  
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Exploring these processes in greater depth requires better characterised engine speed and load data 
with good temporal resolution which are lacking in the available data set since this was not the aim of 
this work. The engine loads were tracked by spot recordings at the beginning of each plume sample, 
but engine load varied quite rapidly over a narrow range during individual measurements, and the 
values at the precise times of capture are uncertain. As a consequence of this, no statistically 5 
significant relationship was observed between measured load and particle number emission factor or 
CMD.  
 
Figure 6: CMD of the number size distribution versus particle number EF for plume samples collected from 
the Amity.  10 
Figure 7 also shows that increasing EF(PN) is simultaneously accompanied by decreasing EF(PM2.5). 
It is known that the emission factors for PM2.5 are dependent on the completeness of the combustion 
process, such that more complete the combustion, results in lower emission of PM2.5, (Carlton et al., 
1995). Therefore the conclusion that increased EF(PN) and reduced CMD are due to improved 
combustion efficiency under leaner (ie lower fuel to air ratio) conditions is further supported by these 15 
observed simultaneous reductions in the EF(PM2.5). 
R² = 0.85
R² = 0.03
R² = 0.19
0
20
40
60
80
100
120
140
160
180
1.0E+15 1.0E+16 1.0E+17
CM
D (
nm
)
EF(PN) ((kg‐fuel)‐1)
AE1 AE2 AD
21 | P a g e  
 
 
Figure 7: CMD of the number size distribution versus particle number EF for individual plume samples 
collected from the Brisbane. 
A potential alternative cause of the observed relationship between CMD and EF(PN) might be 
coagulation of the sample in the PCAS. This would increase the measured CMD which would grow 5 
during storage at the expense of the EF(PN). Therefore a method was sought in order to test this 
possibility.  
The rate of coagulation in an aerosol increases with increasing particle number concentration, 
resulting in an increase in CMD and a decrease in particle number concentration. It was therefore 
assumed that if the coagulation rate was not sufficient to alter the CMD or the EF(PN) over a range of 10 
different captured PN concentrations, it would then be appropriate to assume that the impact of 
coagulation on the measured CMD must be negligible. The possibility could therefore be tested by 
searching for a relationship between the plume sample dilution and the EF(PN), and also between the 
plume sample concentrations and the CMDs of the exhaust sample accumulation modes.  
As discussed previously, the results of the correlation analysis and significance testing for potential 15 
correlations between EF(PN) and sample dilution for each activity are included in Table S 2 of the 
supplemental file. The results of similar analysis for CMD versus plume sample concentration at TOC 
for each activity are provided in Table S 4. In all but one of the activities (AD of the Amity), both 
types of relationship were statistically non-significant. In the case of activity AD of the Amity 
however, the relationships were in both cases significant and strong as measured by the correlation 20 
coefficient. This strong relationship was obtained even though the range of plume sample 
concentrations examined was quite small, when compared to the ranges examined for the Brisbane 
where no such relationship was found. Furthermore the concentrations for these AD activity samples 
were quite low when compared to some examined for the Brisbane. Therefore coagulation within the 
stored samples must have been especially weak. Hence it was concluded that in the case of the AD 25 
activity, the observed relationship must have already existed prior to sample capture. The observed 
strong inverse relationship between CMD and EF(PN,D) is therefore attributed to the emission itself 
rather than being a sampling artefact caused by coagulation during storage. Hence the strong inverse 
relationship between CMD and EF(PN) is attributed to decreasing combustion efficiency under richer 
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combustion conditions at increased load, being accompanied by higher precursor and particle 
concentrations in the cylinder and exhaust system and hence greater rates of soot mode growth and 
particle coagulation. This results in an increased CMD but reduced EF(PN) at greater loads.  
3.4 Comparison with published emission factors  
A comparison of the results from the Amity and Brisbane, with results from other studies is presented 5 
in Figure 3 and in Table S 3 of the supplemental file. A range of emission factors NOx and SO2 are 
reproduced from Sinha et al.(Sinha et al., 2003), Hobbs et al. (Hobbs et al., 2000), Chen et al. (Chen 
et al., 2005), Cooper (Cooper, 2001),  Fridell et al. (Fridell et al., 2008) and from Petzold et al. 
(Petzold et al., 2008). Note that some of those results are presented as ranges as per the original 
publications. 10 
Sinha et al. presented emission factors from two ships using high quality (low sulfur) distillate fuel 
and low quality (high sulfur) residual fuel (Sinha et al., 2003). They found NOx emission factors of 
22.3 g(NOx).(kg-fuel)-1, and 65.5 g(NOx).(kg-fuel)-1; and SO2 emission factors of 2.9 g(SO2).(kg-fuel)-
1 and 52.2 g(SO2).(kg-fuel)-1, for distillate and residual fuelled ships, respectively. The values for 
EF(NOx) are comparable to those obtained for the Amity. As discussed earlier the EF(SO2) 15 
measurements reflect the sulfur content of the fuel. EF(SO2) was therefore much lower for the low 
sulfur distillate fuelled vessel examined by Sinha et al. when compared to the high sulfur residual fuel 
burning vessel. It was even lower for the Amity and the Brisbane which operated on ultra low sulfur 
(10 ppm) diesel. The EF(PN,D) results in the study conducted by Sinha et al. were also generally 
higher than in the current study. In the current study, no nucleation mode was observed in the particle 20 
number size distribution for any activity for either vessel. Although the nucleation mode size range 
was not measured in their study, the CPC used for their EF(PN,D) measurements was capable of 
detecting particles as small as 3 nm, so it is possible that nucleation mode particles forming due to 
secondary particle formation processes in the aged ship exhaust plumes were counted in that study. 
Cooper obtained data from four different ferries, with various engine sizes and load conditions, and 25 
obtained EF(NOx), EF(SO2) and EF(PM2.5) values ranging between 9.5 to 60 g(NOx).(kg-fuel)-1, 0.81 
to 1.8 g(SO2).(kg-fuel)-1, and 0.52 g(PM2.5).(kg-fuel)-1 respectively (Cooper, 2001). Cooper’s results 
for NOx and SO2 are comparable to the results of the current study, but the PM2.5 results in that study 
(excluding a gas turbine powered vessel) were lower than the current results.  
Fridell et al. collected data for three different ships, which differed in terms of fuel type, engine 30 
function and speed (Fridell et al., 2008). These values were independent of vessel load and were 
generally larger than the results reported by Sinha et al.(Sinha et al., 2003) and by Cooper. The 
EF(NOx) was larger than that from either the Brisbane or Amity. As discussed previously EF(NOx) 
depends on exhaust gas residence time in the combustion chamber and the NOx emission factor is 
expected to be higher for slower engine speeds. The observed difference can be explained by the fact 35 
that the ships involved in the former study were equipped with slow and MSD engines while those in 
the current study are equipped with HSD or upper MSD engines.  
According to Kittelson, diesel exhaust aerosol consists mainly of carbonaceous solids with volatile 
organic and sulfur compounds (Kittelson, 1998). Pyrolisis of unburned fuel hydrocarbons in locally 
fuel rich regions of the combustion cylinder results in 20-50 nm primary soot particles (Heywood, 40 
1988). These primary particles in turn collide to produce the soot aggregates that comprise the 
23 | P a g e  
 
particles in the accumulation mode which is so characteristic of diesel aerosol. According to Desantes 
et al., the accumulation mode particle number increases with CMD due to higher coagulation rates 
when particle number concentration is higher (Desantes et al., 2005). This does not necessarily mean 
that the EF(PN,D) will increase. In fact it may fall if the initial primary particle production per unit 
fuel mass burned is constant, because coagulation rates increase with concentration and that process 5 
will act to reduce the final number of particles per unit fuel mass burned.  
The CMD of the accumulation mode is dependent on the engine load, with higher loads producing a 
larger CMD (John et al., 1990; Wong et al., 2003). This is associated with larger fuel consumption 
rates with an increase in engine load. Desantes et al. came to a similar conclusion, although they 
conducted different type of test where fuel injection pressures were directly manipulated (Desantes et 10 
al., 2005). This work concluded that higher engine nozzle injection shifts the CMD to smaller 
diameters, so as to reduce the accumulation mode particle number and increase the nucleation mode 
particle number. In relating the CMD to the engine speed (RPM), Desantes et al. found that the slower 
the engine rotation speed and hence the greater the residence time in the combustion chamber during 
which soot oxidation could progress, the greater was the resulting decrease in particle number in the 15 
accumulation mode. This effect was also visible in the results obtained in the current study, with the 
higher engine speed of the Amity being associated with a much larger CMD than obtained with the 
slower speeds of the Brisbane. 
4. Conclusion    
The PCAS method was applied for the first time, to the task of assessing gas and particle pollutant 20 
emission factors and measuring the particle number emission factor size distribution for ships under 
real world operating conditions. This technique was shown to be capable of performing such 
measurements for ships operating at sea by using a remote platform such as a light aircraft. Under 
such sampling conditions dilution factors in a target range 50-1000 are likely to be encountered.  
The technique was tested on a range of activities on two types of diesel powered dredging vessel and 25 
was found to be an efficient and flexible method capable of yielding consistent emission factors and 
particle size distribution data for ship emissions for dilution ratios between 50 and 1000 as required 
for remote sampling. No significant correlation was found between the emission factors and the 
degree of dilution provided that corrections for particle coagulation losses in the capture system had 
been applied. The resulting emission factors are therefore effectively independent of the plume 30 
sample dilution within the target dilution range. Because the PCAS method requires no modification 
to the vessel, and can be applied on board or from a separate location exposed to the plume, it can be 
readily adapted to virtually any vessel and is therefore suitable for quickly amassing a large database 
of real world emissions measurements. 
Measurements aboard the dredgers enabled the determination of emission factors for PN, NOx, SO2 35 
and PM2.5. The emission factors obtained were as follows: 
1. For the Amity, the EF ranges were: PN: 2.2 െ 9.6	 ൈ 10ଵହ (kg-fuel)-1; NOx: 35 െ 72 g(NO2).(kg-
fuel)-1, SO2 0.6 െ 1.1 g(SO2).(kg-fuel)-1and PM2.5 0.7 െ 6.1 g(PM2.5).(kg-fuel)-1.  
2. For the Brisbane, the EF ranges were: PN: 1.0 െ 1.5	 ൈ 10ଵ଺ (kg-fuel)-1, NOx: 3.4 െ 8.0 
g(NO2).(kg-fuel)-1, SO2: 1.3 െ 1.7 g(SO2).(kg-fuel)-1 and PM2.5: 1.2 െ 5.6 g(PM2.5).(kg-fuel)-1.  40 
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These results were discussed in terms of the operational conditions of the vessels’ engines, and 
compared to results obtained earlier by other authors. The (40%) higher engine speeds observed on 
the Amity exhibited correspondingly (44%) lower EF(PN). Consistent differences in SO2 emission 
factor, between activities involving different engines all drawing fuel from a common reservoir, were 
repeatedly observed on one of the vessels (Amity), implying that the combustion of lubricating oil 5 
made a significant contribution to SO2 emission for at least one of the engines. A strong inverse 
relationship between CMD and EF(PN) was attributed to decreasing combustion efficiency under 
richer combustion conditions at increased load, being accompanied by higher precursor and particle 
concentrations in the cylinder and exhaust system and hence greater rates of soot mode growth and 
particle coagulation. This resulted in an increased CMD but reduced EF(PN) at greater loads.   10 
The size distributions for two dredgers tested were consistently uni-modal in the size range measured 
(below 500 nm). For both vessels this mode was within the accumulation mode range. Lognormal 
distributions fitting the average size distribution of the particle number emission factor for the various 
dredging activities of the Amity were used to extract representative CMD, GSD and concentration 
values for each activity. The Amity and Brisbane differed significantly in the ranges of these CMD’s. 15 
In the case of the Amity the CMD’s were in the range 94-131 nm, while for the Brisbane they were in 
the range 58-80 nm. 
A strong correlation was consistently observed between CMD and EF(PN,D) across all activities on  
the Brisbane and within each activity examined on the Amity. This correlation was attributed to 
increased coagulation in the combustion cylinder and exhaust system associated with reductions in 20 
engine speed at increased load. 
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 Supplemental File 
Table S 1: Species concentrations and emission factors obtained in the example of activity BE. 10 
Species (x)  Cx,0 or γx,0  Cx,1 or γx,1  ΔCx or Δγx  EF(x)  Units 
CO2(ppm)  454  3206 2.75E+03 3.1E+03 g(CO2).(kg‐fuel)‐1 
PN (cm‐3)  3.20E+04  1.24E+07 1.24E+07 7.6E+15 (kg‐fuel)‐1 
NOx (ppm)  0.147  5.822 6.7E+00 5.5E+00 g(NO2).(kg‐fuel)‐1 
SO2 (ppm)  0.0059  0.801 7.95E‐01 1.3E+00 g(SO2).(kg‐fuel)‐1 
PM2.5 (mg.m‐3)  0.024  3.357 3.33E+00 2.1E+00 g(PM2.5).(kg‐fuel)‐1 
 
Results from correlation analysis between the emission factors (EF) and the dilution ratios (DR) 
Table S 2: Results of correlation analysis significance testing for dilution effects 
Operational 
mode 
Relationship: 
Dilution Ratio 
versus:- 
N R2 p-value Correlation 
significance 
(α=0.05) 
AE1 
 
EF (PN)  9 0.46 0.04 Yes 
EF (NOx) 9 0.38 0.08 No 
EF (SO2) 9 0.55 0.02 Yes 
EF (PM2.5) 9 0.46 0.04 Yes 
AE2 
 
EF (PN)  8 0.042 0.63 No 
EF (NOx) 8 0.003 0.90 No 
EF (SO2) 8 0.014 0.78 No 
EF (PM2.5) 8 0.080 0.50 No 
AD 
 
EF (PN)  8 0.17 0.30 No 
EF (NOx) 8 0.003 0.89 No 
EF (SO2) 8 0.094 0.46 No 
EF (PM2.5) 8 0.12 0.41 No 
BE 
 
EF (PN)  8 0.32 0.14 No 
EF (NOx) 8 0.16 0.32 No 
EF (SO2) 8 0.34 0.13 No  
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EF (PM2.5) 8 0.08 0.51 No  
BS 
 
EF (PN)  11 0.78 0.0003 Yes 
EF (NOx) 11 0.005 0.83 No  
EF (SO2) 11 0.001 0.94 Yes  
EF (PM2.5) 11 0.15 0.23 No  
BD 
 
EF (PN)  4 0.81 0.10 No 
EF (NOx) 4 0.76 0.13 No 
EF (SO2) 4 0.94 0.03 Yes 
EF (PM2.5) 4 0.13 0.63 No 
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Emission factors from this work and several others, as presented graphically in figure 3 are also  
Table S 3: Emission factors of particle number concentration (PN), NOx, SO2, and PM2.5 for the Amity and 
Brisbane compared with results of other studies. 
Average EF CMD 
(nm) 
PN                     PM2.5              
(g(PM2.5). 
SO2               NOx               
 ((kg-fuel)-1) (kg-fuel)-1) (g(SO2). (g(NO2). 
        (kg-fuel)-1) (kg-fuel)-1) 
(a) Amity AE1  133±18 9.6±5E+15 6.1±1 0.59±0.05 35±2 
     Amity AE2 116±8 9.6±1E+15 4.8±1 0.68±0.04 41±3 
     Amity AD 90±7 2.2±4E+15 0.74±0.1 1.1±0.05 72±4 
(b) Brisbane BE 85±15 1.0±4E+16 3.4±1 1.7±0.4 8.0±2 
     Brisbane BD 88±26 1.4±1E+16 5.6±3 1.5±0.1 6.4±2 
     Brisbane BS 64±11 1.5±5E+16 1.2±0.5 1.3±0.1 3.4±1 
Cooper (Cooper 2001)    0.52 0.81 to 1.8 9.5 to 60  
Fridell(Fridell et al. 2008)    0.12 to 2.2  58.1 to 100 
Sinha et al.(Sinha et al. 
2003) 
 (4.0±0.4)×1016     
(high grade 
fuel) 
 2.9±0.2    22.3±1.1  
     (high grade fuel) (high grade fuel) 
  (6.2±0.6)×1016   52.2±3.7  65.5±3.3  
  (low grade fuel)  (low grade fuel) (low grade fuel) 
Hobbs et al.(Hobbs et al. 
2000) 
 (0.40 to 2)×1016   
(both kinds of 
fuel) 
 15 to 89         2 to 25              
(low grade fuel) 
     (low grade fuel)  
    6  
    (high grade fuel)  
Chen et al. (Chen et al. 
2005) 
   23 to 30 13 to 20  
     (low grade fuel) (low grade fuel) 
           
 
 5 
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Table S 4: Results of correlation analysis significance testing for sample concentration effect on CMD 
 
 
Operational 
mode 
N R2 p-value Correlation 
significance 
(α=0.05) 
AE1 9 0.14 0.32 No 
AE2 8 0.07 0.56 No 
AD 8 0.84 0.004 Yes 
BE 8 0.05 0.59 No 
BS 11 0.19 0.18 No 
BD 4 0.23 0.52 No 
